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A B S T R A C T
Millions of people around the world suﬀer from or prone to health problems caused by high concentration of
ﬂuoride in drinking water sources. One of the environmentally friendly and cost-eﬀective ways for removing
ﬂuoride is the use of bone char. In this review, the structural properties and binding aﬃnity of ﬂuoride ions from
diﬀerent water sources was critically discussed. The eﬀect of experimental conditions on enhancing the ad-
sorption capacity of ﬂuoride ions using bone char samples was addressed. It appears that surface properties, and
conditions of the bone char production such as temperature and residence time play an important role in de-
signing the optimal ﬂuoride removal process. The optimum temperature for ﬂuoride removal seems to be in the
range of 500–700 °C and a residence time of 2 h. Applying various equilibrium adsorption isotherms for un-
derstanding ﬂuoride adsorption mechanism was presented. The eﬀect of bone char modiﬁcation with diﬀerent
elements were discussed and recommendations for a further increase in the removal eﬃciency was proposed.
Cost of bone char production and large-scale treatment systems were also discussed based on information
available from scientiﬁc and commercial sources. Challenges with existing domestic deﬂuoridation designs were
highlighted and suggestions for new conceptual designs were provided.
1. Introduction
Fluorine is the most reactive electronegative element. Fluorine's
leaching and dissolution into groundwater and thermal gases occurs
due to the processes of weathering and water circulation within soil
layers and rocks. It also has a high aﬃnity to acquire electrons and form
negative ﬂuoride ions (F−). Thus, ﬂuoride forms complexes with sev-
eral cations, which constitutes about (0.6–0.9%) of the Earth's crust. Its
concentration is about 1mg/L in sea water, 0.5 mg/L in lakes and rivers
(Fawell et al., 2006) and (1–35mg/L) in groundwater (Tripathy et al.,
2006). The concentration of ﬂuoride in groundwater resources depends
on the geographical location and is largely associated with the presence
of nearby volcanic activities and fumarolic gases. Some of the high
ﬂuoride concentrations belts extend on lands along the East African
Rift, between Turkey and China, USA, South America, Japan, Australia
etc. (Maheshwari, 2006). There are a wide variety of ﬂuoride minerals
present in the soil texture such as ﬂuorspar, rock phosphate, apatite,
cryolite, mica, sellaite, phlogopite, topaz, etc. (Elango and Jagadeshan,
2018). In addition, soil conditions such as alkalinity, high levels of
aluminum and low concentrations of calcium and magnesium oxides
are important factors that increase F− leaching into groundwater
(Padhi and Muralidharan, 2012). On the other hand, anthropogenic
sources of F− in the environment are due to two main sources. Firstly,
the release and mobilization of ﬂuoride of a geological origin into the
environment from some processes such as coal combustion, and sec-
ondly from the improper discharge of waste products by various in-
dustries, including nickel, steel, copper and aluminum smelting; and the
industrial manufacture of masonry, ceramics, semiconductors, phos-
phate fertilizers and glass (Cai et al., 2017; Rasool et al., 2017; Tovar-
Gómez et al., 2013; Waghmare et al., 2015) are also responsible for
ﬂuoride availability in water resources.
Fluoride is categorized as an essential substance as it contributes in
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the development and the maintenance of dental health. However, some
health hazards have been associated with the ingestion of high con-
centrations of ﬂuoride via drinking water. The absorption of ﬂuoride
ions, its distribution to the tissues and bio-accumulation in bones and
teeth results in many well-recognized adverse eﬀects. According to a
UNICEF report, tens of millions of people have endemic ﬂuorosis in 25
countries globally; especially countries in volcanic areas (Petrone et al.,
2013). Fluorosis emanating from excess presence of ﬂuoride in drinking
water is a serious issue worldwide as it was reported that> 35 coun-
tries worldwide have excess of ﬂuoride in drinking water (Ayoob et al.,
2008) (see Fig. 1). Most of the countries highlighted in Fig. 1 are si-
tuated in regions with from sediments of marine origin, volcanic rocks
and granitic and gneissic rocks such as those in the geographical line
extending from Jordan valley to Eastern Africa and central Asia trough
the Mediterranean region (Fawell et al., 2006). Other health eﬀects
related to consuming high ﬂuoride concentrations (higher than 1.0 mg/
L) are eﬀects on the immune and human reproductive systems, chil-
dren's neurodevelopment, kidney and gastrointestinal tract health
(Harrison, 2005). Furthermore, it was reported that ﬂuoride can form
strong bonds with other toxic metals such as aluminum and lead, al-
tering the toxicity of the substance when digested (Jackson et al.,
2002). Therefore, much research eﬀort was focused on developing
technologies for ﬂuoride removal from aqueous media in order to re-
duce its concentrations to levels below 1.5 mg/L, which is the current
WHO and Australian guidelines limit for F− in drinking water (Fawell
et al., 2006).
Some of the methods used to remove ﬂuoride from water include co-
precipitation (Chigondo et al., 2018), precipitation-coagulation (Ye
et al., 2018), electrocoagulation (Changmai et al., 2018; Zhu et al.,
2007), adsorption (Mourabet et al., 2015; Wang et al., 2013), ion ex-
change (Meenakshi et al., 2008) and membrane processes (Jeihanipour
et al., 2018; Lhassani et al., 2001; Pan et al., 2018), or a combination of
these technologies (Wei et al., 2015; Zhang and Jia, 2018). However,
these methods have issues including high operating cost, waste
production, strict pH and other experimental conditions and the use of
toxic chemicals, all of which are limiting factors for their use in water
deﬂuoridation. Of all these methods, adsorption has been reported to be
the most promising method for the removal of ﬂuoride from water due
to the high removal eﬃciency, superior adsorption rate, ease of op-
eration and the availability of a wide range of adsorbents. Among many
diﬀerent types of adsorbent materials including activated carbon
(Raychoudhury et al., 2017), cellulosic materials (Nagaraj et al., 2017),
zeolites (Abaei et al., 2017; Lai et al., 2018), aluminum (Karmakar
et al., 2017), nanomaterials (Maity et al., 2018; Rostamia et al., 2017),
biochars (Dewage et al., 2018; Roy, 2018; Wang et al., 2018) and bone
char (Delgadillo-Velasco et al., 2017; Ismail and AbdelKareem, 2015;
Medellin-Castillo et al., 2007). Bone char has gained considerable at-
tention owing to its low cost, ease of preparation and biocompatibility
(Nunes-Pereira et al., 2018).
This work aims to review bone char's removal capacity of ﬂuoride
from water, with the main focus of providing a comprehensive over-
view of bone char preparation, modiﬁcation techniques and their re-
spective ﬂuoride removal eﬃciencies. The eﬀect of several parameters,
such as pH, initial concentration, bone char dosage rate and tempera-
ture, on ﬂuoride uptake will be discussed. These factors are of great
signiﬁcance, as any change in these parameters may signiﬁcantly alter
the ﬂuoride removal eﬃciency of the adsorbent. Therefore, a general
knowledge of the eﬀect of these parameters is critical in designing the
appropriate drinking water treatment facilities. Cost of bone char pro-
duction, successful industrial bone char treatment attempts and design
aspects were also discussed in this study.
2. Bone char production and characteristics
Globally, millions of tons of bone waste are produced annually due
to the meat industry. According to the Organisation for Economic Co-
operation and Development (OECD) reports (OECD, 2018), it is ex-
pected that there will be an increase of 40 million metric tons in meat
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production within the next ten years, including 13% in poultry, 10% in
pig meat and>21% in sheep meat. As a consequence, there will be a
signiﬁcant increase in meat and bone meal waste produced globally.
Fig. 2 shows meat production statistics between 2014 and 2016, and the
expected increase in meat production by 2026 in some countries. It is
important to highlight here that in spite of the expected increase in
waste bone, its application for deﬂuoridation can be hampered by the
customs and religious beliefs of people (e.g. char originated from cow
bones is not acceptable by Hindus and similarly pigs bone char is not
acceptable by Muslims). Thus, educating communities is essential for
applying bone char for deﬂuoridation.
The similarity in the bone structure of poultry and red meat species
(Field et al., 1974) makes harnessing bone waste for ﬂuoride removal a
topic of interest globally as some countries may consume a certain type
of meat more than others as shown in Fig. 2. However, it is important to
note that the bone structure of a certain animal species may diﬀer with
age and parity (Field et al., 1974; Keene et al., 2004). The bone
structure can also diﬀer from one part to another in the animal body.
Interestingly, it was found that calcium to nitrogen ratio increased in
bones with age for red meat species and poultry (Field et al., 1974) and
this may serve well ﬂuoride removal given the capacity of calcium in
binding with ﬂuoride (Meenakshi et al., 2008).
Thermal treatment of animal bones is one of the methods used for
safe disposal of bone waste through incineration, to ensure destruction
of any pathogens. This process is mainly carried out through co-in-
cineration in cement kilns, or by stand-alone incineration plants.
However, attention to energy recovery from waste and environmental
beneﬁts of the process have attracted the attention of many researchers
in order to provide a clean energy source as an alternative to fossil fuel
(Usón et al., 2013). Bone char is considered as one of the adsorbents
with low negative impact on the environment and human health as
oppose to other waste-based adsorbents such as aluminum oxide
amended wood char and activated alumina (Yami et al., 2015). The
ability of regenerating bone char is an attractive trait and it makes the
char a promising green sorbent for water deﬂuoridation. However, the
lifespan of bone char can only be estimated based on several factors
such as F− initial concentration, the capacity of the plant and the re-
moval capacity of the bone char (Naliaka, 2016). The regeneration
aspect of bone char will be explained in detail in Section 6.
Combustion in a limited oxygen environment through pyrolysis and
gasiﬁcation has been adopted in recent years for the purpose of energy
generation from bone waste and use of the solid product (bone char) for
environmental remediation and soil amendment applications. For
maximizing the energy recovery of bone char production, gasiﬁcation
would be the preferred method as the produced syngas can be used as
fuel to power gasiﬁcation reactor. Limited number of studies have
investigated this approach and were successful in producing syngas and
bone char (Soni et al., 2009, 2011). However, the focus of these studies
was on increasing the amount of gases produced with high heating
values and bone char was only a by-product. To have a balanced ap-
proach perhaps a multi-factor optimization of gasiﬁcation process
taking into account energy consumed, gas produced, heating value of
the gases and bone char produced should be conducted to identify the
optimal operating parameters for this process.
Appetites are minerals that are widely distributed in igneous rocks.
Bioapatite is the biological form of inorganic calcium phosphate salts
(Liu et al., 2013) with a general formula of
Ca5(PO4,CO3)3(OH,F,Cl,CO3) (Skinner and Jahren, 2004). Bone apatite
is a carbonate apatite with 6–9% carbonate composition in the apatite
structure (Ishikawa et al., 2018). However, bone sintering process leads
to change the form of apatite minerals in bones to hydroxyapatite
(HAP). Figueiredo et al. (2010) examined the eﬀect of calcination
temperature on the apatite form using bovine bones reporting that bone
char samples produced up to 600 °C were made of carbonate apatite,
while raising the temperature up to 900 and 1200 °C resulted in the
formation of HAP. Thus, the amount and the form of apatite content of
a bone char is related to the charring temperature and thermal treat-
ment period.
Bone char has long been used as an absorbent for decolorization in
the sugar industry (Kader et al., 1996). It has high pollutant removal
eﬃciency attributed to its principal characteristics represented by the
textural properties of bone char and the hydroxyapatite content. Bone
char is made of 70–76% hydroxyapatite (HAP), 7–9% calcium carbo-
nate and 9–11% amorphous carbon (Mendoza-Castillo et al., 2015;
Reynel-Avila et al., 2016; Rojas-Mayorga et al., 2015a). However, in a
diﬀerent scenario, bone char was reported to be made of 80–90% HAP
and 10% amorphous carbon (Lambert and Graham, 1989). Hydro-
xyapatite (Ca₁₀(PO₄)₆(OH)₂), which is an inorganic material, was re-
ported as an advantageous material due to its applications in electro-
chemistry (Goodman et al., 2013), as a catalyst (Mohamed and Baeissa,
2013; Xie et al., 2013), and for environmental remediation (Li et al.,
2018; Oladipo and Gazi, 2017; Thanh et al., 2017).
Carbonization of crushed animal bones includes heat treatment of a
carbonaceous precursor at temperatures mainly higher than 500 °C and
below 700 °C (Cheung et al., 2001b), in a limited oxygen environment
to pyrolyze the raw material into a porous material (Cheung et al.,
2001a). In such a process, partial evolution of the volatile matter from
the carbonaceous precursor will take place. Further increase in pyr-
olyzation temperature exceeding 700 °C will alter the physical proper-
ties of the bone char. Rojas-Mayorga et al. (2015a) reported that after
raising the temperature from 650 °C up to 1000 °C, a gradual color
changing of the bone to white was noticed, which indicates the
Fig. 2. Meat production by type and country (OECD, 2018).
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complete elimination of the organic matter in the bone char structure.
Kawasaki et al. (2009) reported that high pyrolysis temperature results
in the degradation of the functional groups and lowering the eﬃciency
of water deﬂuoridation.
Calcination temperature has a great eﬀect on the surface area and
pore volume of bone char. For instance, raising calcination temperature
from 650 °C to 700 °C under a CO2 atmosphere resulted in an increase of
the speciﬁc surface area from 62 to 69m2/g and the total pore volume
from 0.2 to 0.23 cm3/g of cow bone char, respectively (Rojas-Mayorga
et al., 2015a). However, further increase in the temperature to 1000 °C
reduced the surface area and the pore volume of the material to 2m2/g
and 0.02 cm3/g; and altered the color of the bone char to white. The
latter was used as an indication for ﬂuoride removal capacity of the
bone char, which was reduced from 5.92 to 0mg/g after raising pyr-
olysis temperature from 700 to 900 °C. Tables 1 and 2 show the eﬀect of
charring temperature at diﬀerent residence times and heating rates on
the BET surface area of bone char.
Pyrolyzing conditions are critical factors that aﬀect the textural
and chemical composition of bone char. Residence time and heating
rate are essential factors to control the quality of the bone char pro-
duced at diﬀerent temperatures. Generally, based on the bone source,
pyrolysis between 500 and 700 °C seems to be a critical pyrolysis
temperature for bone char used for water deﬂuoridation (taking into
account the limitations related to the residence time and the rate of
temperature). Lowering the temperature below 500 °C will result in
adding more organic matter to the treated water due to the incomplete
removal of organic matter in the bone structure. On the other hand,
raising the charring temperature will result in the dihydroxylation of
the HAP. Table 1 presents a summary of the outcome of previous stu-
dies on the eﬀect of temperature and heating rate on bone char prop-
erties.
Purging gas used during pyrolysis is an important factor in con-
trolling bone char quality for diﬀerent environmental applications.
Rojas-Mayorga et al. (2015a) examined the eﬀect of pyrolyzed cattle
bone in CO2 and N2 atmospheres for the purpose of ﬂuoride removal
from water. While both samples were exhibiting a mesoporous struc-
ture, bone char samples pyrolyzed in an N2 environment had higher
speciﬁc surface area and total pore volume of 85m2/g, 0.24 cm3/g than
those pyrolyzed at the same temperature, residence time and heating
rate with CO2 as a purging gas (Tables 1 and 2). Although the removal
of F− on the bone char surface was due to their exchange with OH
functional groups (i.e. chemical reaction), the increase in the surface
area and the pore volume was vital in providing a higher contact pos-
sibility of F− with the active functional groups.
Bone source and calcination temperature may have an eﬀect on the
FTIR signals received from bone chars, but the main components of
bone char are well deﬁned. The inorganic components (calcium and
phosphate) of any bone char are reported to be almost the same but
with diﬀerent fractions (Tovar-Gómez et al., 2013). FTIR spectra of
bone char pyrolyzed at diﬀerent temperatures are always those of ty-
pical hydroxyapatite but with varying peaks intensity (Fig. 3). Tovar-
Gómez et al. (2013) examined two commercial bone chars, namely
BCM from Carbones Mexicanos (Mexico) and BCB (Brimac 216) from
Brimac Carbon Services (United Kingdom), for their ﬂuoride uptake
capacity using both bone char dispersion in the medium (henceforth
referred to as batch) and column experiments. The study suggested that
the higher removal capacity of the BCM than BCB samples related to
their chemical composition. The higher oxygen and hydrogen content
(consequently, hydroxyl groups) for the BCM samples were the reason
behind its higher adsorption capacity of ﬂuoride as illustrated in Eq.
(1):
+ → +− −Ca (PO ) OH 2F Ca (PO ) F 2OH10 4 6 10 4 6 2 (1)
2.1. Removal mechanism
As mentioned previously, the eﬀectiveness of bone char for ﬂuoride
removal is due its hydroxyapatite content. The removal mechanisms of
ﬂuoride on bone char is illustrated in Fig. 4. As it can be seen from this
ﬁgure that there are three removal mechanisms; ion exchange, pre-
cipitation and electrostatic interaction (Sternitzke et al., 2012) or a
combination of these mechanisms.
The ion exchange is the main mechanism of F− due to the high
aﬃnity of F− to substitute the hydroxide group in the structure of the
HAP to form the ﬂuorapatite (Ca₁₀(PO₄)₆F₂). However, the electrostatic
interaction between the bone char surface and the F− plays an im-
portant role in the removal process. This mechanism is aﬀected by the
changes in the pH of the solution, in which it controls the isoelectric
point of the bone char surface and hence aﬀects its electrical attraction
to entities in proximity to it. At pH levels below the point of zero charge
(this will be discussed further in Section 3.3), the surface of the bone
char is positively charged and this will increase the aﬃnity of the
Table 1
The eﬀect of charring temperature and heating rate on the bone char surface properties and ﬂuoride uptake (residence time= 2 h).
Factors Eﬀect Purging gas Reference
Temperature
(°C)
Heating rate
(°C/min)
BET surface area
(m2/g)
Total pore volume
(cm3/g)
Fluoride uptake
(mg/g)
650 5 – – 6.7 N2 gas Rojas-Mayorga et al. (2013)
10 118 0.24 6.51
700 5 – – 6.96
10 110 0.233 7.32
800 5 – – 6.67
10 – 0.224 6.71
900 5 – – 2.99
10 – – 3.03
1000 5 – – 1.34
10 – – 1.24
650 5 – – 5.52 ± 0.08 CO2 gas Rojas-Mayorga et al. (2015c)
10 62 0.2 5.33 ± 0.14
700 5 – – 5.78 ± 0.05
10 69 0.3 5.92 ± 0.03
800 5 – – 0.74 ± 0.13
10 9 0.16 0.81 ± 0.02
900 5 – – 0
10 4 0.04 0
1000 5 – – 0
10 2 0.02 0
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negatively charged F− ions to adsorb onto the char. The formation of
ﬂuoride precipitants on the surface of the bone char takes part with
high F− concentrations (Herath et al., 2018) or in the case of metal
coated bone char with cations such as Al3+, Fe3+ etc. In this case,
precipitants such as CaF2, AlF3 or FeF3 will be formed on the char
surface (Nigri et al., 2017b; Rojas-Mayorga et al., 2015b; Zhu et al.,
2011). So, the prominence of the mechanisms in the removal process
depends on the characteristics of the water being treated (e.g. pH and
ﬂuoride concentration).
2.2. Bone char modiﬁcation
Suitable activation methods can lead to improve the adsorption
capacity of carbonaceous materials via increasing the surface area, pore
volume or providing a diversity of pore sizes to the adsorbent; or al-
tering surface functional groups in a way that increases the selectivity
of the adsorbent toward speciﬁc contaminants. However, bone char
examinations after diﬀerent modiﬁcation methods indicate that there
are no signiﬁcant increments in the surface area (Delgadillo-Velasco
et al., 2017). Thus, considerations regarding improvement in adsorp-
tion capacity of bone chars are mostly related to altering the functional
groups on the surface. Table 3 summarizes the eﬀect of diﬀerent
modiﬁcation methods and experimental conditions on the removal ca-
pacity of F− on bone char samples. Zúñiga-Muro et al. (2017) doped
two diﬀerent cerium precursors (Ce3+ and Ce4+) onto cattle bone char
for enhancing ﬂuoride removal from water. The composite was re-
ported to be beneﬁcial for its stability for diﬀerent pH ranges and po-
tential antibacterial properties. The results showed a signiﬁcant in-
crease in the removal capacity of F− on the Ce4+ modiﬁed bone char
from 5.47 to 13.6mg/g at pH 7. The acidic characteristic of the cerium
Table 2
The eﬀect of charring temperature and residence time on the bone char surface properties and ﬂuoride uptake (heating rate= 10 °C/h).
Factors Eﬀect Purging gas Reference
Temperature
(°C)
Residence time
(h)
BET Surface area
(m2/g)
Total pore volume
(cm3/g)
Fluoride uptake
(mg/g)
200 1 2 – 2.55a Limited O2 Terasaka et al. (2014)
400 1 114 – 2.85a
600 1 73 – 1.65a
650 2 118 0.24 6.51 N2 gas Rojas-Mayorga et al. (2013)
4 – 6.63
700 2 110 0.233 7.32
4 – 7.16
800 2 96 0.224 6.71
4 – – 6.57
900 2 – – 3.03
4 – – 3.01
1000 2 – – 1.24
4 – – 1.25
650 2 62 0.2 5.33 ± 0.014 CO2 gas Rojas-Mayorga et al. (2015c)
4 – – 5.45 ± 0.06
700 2 69 0.3 5.92 ± 0.03
4 – – 5.72 ± 0.09
800 2 9 0.16 0.81 ± 0.02
4 – – 0.67 ± 0.08
900 2 4 0.04 0
4 – – 0
1000 2 2 0.02 0
4 – – 0
400 1 98.626 0.291 – Limited O2 Patel et al. (2015)
2 114.149 0.294 –
3 92.402 0.315 –
450 1 98.138 0.305 –
2 83.948 0.302 –
500 1 78.172 0.294 –
2 69.788 0.321 –
600 1 57.939 0.293 –
2 50.37 0.305 –
a Data were calculated from the ﬁgures and the data available in the article.
40080012001600200024002800320036004000
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Fig. 3. FTIR spectrum for raw bone and bone char samples pyrolyzed at dif-
ferent temperatures: (a) raw bone, (b) 650 °C, (c) 700 °C, (d) 800 °C, (e) 900 °C
and (f) 1000 °C (Rojas-Mayorga et al., 2013).
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solution resulted in the dissolution of hydroxyapatite and release of
phosphate to solution, which reacted with the cerium precursors and
subsequently precipitated on the adsorbent surface. Then, an ion ex-
change between the calcium content of the HAP and the cerium pre-
cursor was the main mechanism behind the removal of ﬂuoride ions on
the modiﬁed bone char. On the other hand, the Ce3+ doped bone's
ability to remove ﬂuoride from water was lower than that of the pristine
bone char in some cases due to the dissolution of Ce+3 in the washing
stages. As a consequence, the adsorbent lost the active calcium and
cerium sites after being washed out from the char surface at pH 7.
Zhu et al. (2011) used cattle bone char after modifying it with dif-
ferent aluminum salts (AlCl3, AlNO3, NaAlO2, Al2(SO4)3) to remove
ﬂuoride from water. The maximum removal onto AlCl3 modiﬁed bone
char was 97% at pH 7, for a 10mg/L F− initial concentration, 10 g/L
adsorbent dosage and 72 h contact time. Similarly, bone char mod-
iﬁcation using AlCl3.6H2O resulted in a maximum removal capacity of
6.8 mg F−/g bone char from water (Nigri et al., 2017b), while bone
char pre-treatment with Ca(OH)2, FeCl3, CaCl2 and MgCl2 were re-
ported to be less eﬀective for ﬂuoride removal (4.4, 1.56, 5.1 and
4.2 mg/g, respectively). Rojas-Mayorga et al. (2015c) examined the
eﬀect of doping aluminum sulfate onto bovine bone char (pyrolyzed at
700 °C) for ﬂuoride removal from water using packed bed micro-col-
umns. The bed capacity to remove ﬂuoride was 3.3–18.5mg/g at pH 7,
F− feed concentration 10–100mg/L and feed rate of 0.18–0.36 L/h.
The Al doped bone char removed about 500% ﬂuoride more than the
commercial bone char samples used by Tovar-Gómez et al. (2013), but
with diﬀerent column dimensions and experimental conditions. Bone
char coated with aluminum sulfate was examined for its eﬀectiveness
by comparing it to another 3 metal salts for ﬂuoride removal from
water in a batch reactor (Rojas-Mayorga et al., 2015b). Diﬀerent metals
(Al(OH)xFy, FexFy, and CaF2) doped onto the bone char surface con-
tributed signiﬁcantly to the improvement of the removal eﬃciency. The
maximum adsorption capacity achieved was 31mg/g using aluminum
sulfate doped bone char at pH 7 and 100mg/L initial F− concentration.
In contrast, the maximum removal on the unmodiﬁed bone char was
only 7.32mg/g (Rojas-Mayorga et al., 2013), which means that there
was a signiﬁcant improvement in the removal capacity of ﬂuoride ions
from solution after modiﬁcation. Chatterjee et al. (2018) used alu-
minum sulfate in combination with calcium oxide to chemically treat
carbonized bone meal (a mixture of chicken and cattle bones) for
ﬂuoride removal at high initial concentrations (20–1000mg/L). The
new modiﬁed bone char resulted in enhancing the removal capacity of
ﬂuoride from 14 to 150mg/g. Delgadillo-Velasco et al. (2017) studied
the eﬀect of doping colloidal Ag onto commercial bone char samples at
diﬀerent temperatures (300, 400 and 500 °C) for ﬂuoride removal from
water. The results showed that the thermal treatment at 400 °C was the
most appropriate temperature for bonding Ag colloids to the bone char
surface. However, thermal treatment of bone char at the same tem-
perature showed that the increase in ﬂuoride uptake on the bone char
with and without Ag colloids are almost the same (about 20% more
than the untreated bone char), but the antibacterial eﬀect of doping Ag
was a new characteristic for the composite. The thermally treated
commercial bone char resulted in removal of 1.65mg/g ﬂuoride from
solution, owing to the irreversible loss of lattice water and its eﬀect on
the lattice dimension of the hydroxyapatite in the temperature range
200–400 °C. Another explanation for this improvement in F− removal
was due to the dehydration of the hydroxyapatite after the thermal
treatment of the bone char, which was considered to be equivalent to
the eﬀect of charring bone samples at 850 °C in which the dislocation of
lattice will occur (Liao et al., 1999). Eq. 2 shows the OH group loss due
to thermal treatment of hydroxyapatite (Rojas-Mayorga et al., 2013):
→ +−2Ca (PO ) OH Ca (PO ) (OH) O xH O5 4 3 10 4 6 (2 2x) x X 2⎕ (2)
where ⎕ represents a vacancy. It is clear from the observations on bone
char modiﬁcation that such a practice can improve the char absorp-
tivity of F−, however the extent of improvement varies from one ele-
ment to another. Fluoride ions in solution will be highly attracted to
multivalent metal ions (such as aluminum, iron, zinc etc.) owing to
their small size and high electronegativity (Tchomgui-Kamga et al.,
2010). Thus, the diﬀerence in the electronegativity of the used multi-
valent metal ions are the main reason behind their higher removal
capacity of some metal ions. For instance, the higher diﬀerence in
electronegativity between ﬂuoride and Al(III) than that with Fe(III)
resulted in higher removal capacity of ﬂuoride ions from solution with
Al(III) coated bone char.
2.3. Bone char treatment cost for industrial scale systems
Bone char was reported as an adsorbent for water deﬂuoridation
since 1937 (Dahi, 2016), while the ﬁrst full-scale deﬂuoridation plant
using bone char was constructed in South Dakota in 1953 followed by
several others distributed over diﬀerent locations in California.
Groundwater that was treated in these plants contained F− con-
centrations of 9–12mg/L (State of South Carolina Department of Health
and Environmental Control Water Supply Division, 1980). In 1988,
household scale bone char ﬁlters, with incorporation of charcoal, were
Fig. 4. Mechanisms of ﬂuoride removal on bone char.
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used for water deﬂuoridation in Thailand (Phantumvanit et al., 1988).
Bone char ﬁlters were also used in many areas aﬀected by high F−
concentrations in water sources in Tanzania and Kenya. One of the most
eﬃcient plants were constructed in Nakuru city to serve the city and the
surrounding areas through the work of four diﬀerent types of ﬁlters
with diﬀerent capacities ranging from 10 to 2,000,000 L/day (Näslund
and Snell, 2005). With regards to the removal capacity of large scale
bone char systems, a study conducted by Yami et al. (2015) showed that
496 kg bone char/100m3 water is required for reducing F− con-
centration from 10 to 1.5mg/L. Generally, the main cost elements of
water treatment facilities are capital cost and operation and main-
tenance cost. Hansen et al. (1979) estimated the cost of constructing a
water deﬂuoridation system to range from ⁓$55,380 USD to ⁓
$168,620 USD (about $192,008.41 to $584,623.66 USD in 2019 after
adding the inﬂation, respectively) for a plant capacity of 2.57 and
126m3/h, respectively. Thereby the operation cost was reported to be
⁓$9180 USD to ⁓$25,010 USD (about $31,828.05 and $86,721.36
USD in 2019 after adding the inﬂation, respectively) for the same
plants.
It seems that there is limited scientiﬁc detailed reports on the cost
estimation for bone char production on a large scale, and what is
available is conﬁned to limited commercial reports. This can be at-
tributed to the fact that the cost of the production is subjective and
depends on various factors that are location speciﬁc in nature such as
capital cost, availability and cost of labor, raw materials etc. Arrenberg
(2010) reported that the cost of producing ﬁve tons of bone char (using
mainly, goat, camel, cattle and sheep bones from diﬀerent suppliers) by
CDN's company was estimated to be $1609.87 USD (about $1858.35 in
2019 after adding the inﬂation). The cost of production included the
energy consumption, cost related to materials and chemicals, and labor
salaries, which represents about 20.6, 58.6 and 20.8% of the total cost,
respectively. The recent cost ﬁgures for bone char production can be
inferred from the available market sale prices as advertised by com-
mercial companies. Surely the cost of production would be less than the
sale prices or have been compensated by the energy gain from other
product of the bone pyrolysis (i.e. useful gases produced from gasiﬁ-
cation). The recent advertised price of 25 kg of bone char produced
from cow bones at 800 °C is $299 USD (⁓$12 USD/kg) (Bulk Bone
Char® Promolife Inc), while the same amount of cattle bone char can
cost about $1.2 USD based on Alibaba online company price (only big
bulk orders of 20 metric tons at least) (Alibaba.com). This shows that
bone char cost can be very low if it is produced on a large scale.
3. Eﬀect of adsorption parameters
3.1. Equilibrium contact time
Adsorption equilibrium is the period of time in which adsorption
and desorption processes reach equilibrium. In other words, the amount
of the adsorbed material from the solution is equal to the amount of the
desorbed material from the adsorbent (Çeçen and Aktas, 2011). Equi-
libria data is essential for assessing adsorption process, characterizing
an adsorbent, examining the removal capacity of the adsorbate and the
respective rate of adsorption for their application in industrial processes
(Leyva-Ramos et al., 2010).
Adsorption of ﬂuoride on bone char has been shown to follow a
general trend of adsorption in which the removal capacity is fast at the
beginning of the reaction owing to the availability of large numbers of
active sites on the surface. Then, adsorption rate slows down gradually
until the equilibrium is reached. Leyva-Ramos et al. (2010) studied the
rate of ﬂuoride adsorption on bone char in terms of diﬀusional and
kinetic models reporting that the rate of ﬂuoride removal is mainly
controlled by the pore volume. In contrast, Abe et al. (2004) reported
that the removal of ﬂuoride ions from solution is due to the ion ex-
change between the phosphate dissociated from the calcium phosphate
composition of bone char at low pH levels and ﬂuoride ions in solution.
Fluoride adsorption rates for diﬀerent bone chars were reported to
reach equilibrium in the range of 20 h to 5 days, which is a long period
when considering ﬂuoride removal for industrial applications. Zúñiga-
Muro et al. (2017) determined the removal rate of ﬂuoride ions onto
cow bone char, based on the results achieved using a pseudo second
order equation, to range between 2.3× 10−3 and 4.89× 10−3 g/
mgmin. This result is comparable to the results reported by Rojas-
Mayorga et al. (2013) (from 8.02×10−4 to 2.94×10−3 g/mgmin)
and to a lesser extent Rojas-Mayorga et al. (2015b) (from 1.71×10−5
to 3.11×10−5 g/mgmin) for an equilibrium time of 24 h to remove
ﬂuoride using cow bone char and Al doped bone char, respectively,
using the same kinetic model, but with diﬀerent experimental condi-
tions.
Chatterjee et al. (2018) reported a very rapid reduction in ﬂuoride
concentration in solution from 10 to 0.13mg/L in 1 h (about 98.7%)
using aluminum sulfate and calcium oxide thermally treated bone meal.
Equilibrium reached after 24 h with a removal eﬃciency of 99.6%. The
diﬀerence in the column dimensions, inter-bead voids, ﬂow rate and
hydrodynamic eﬀects are the key factors to control the removal capa-
city of a contaminate. Issues related to the non-uniform void ratio
through column ﬁltration will aﬀect the eﬃciency of the columns.
Generally, increasing the number of beds in a column provides more
active sites for contaminants to settle and a higher break through curve,
which are due to the increase in the mass transfer zone. However, in-
creasing the number of beds will also be accompanied by the use of
longer columns and thus providing channeling issues and accordingly
reducing the eﬃciency of ﬁltration.
3.2. Eﬀect of initial concentration and adsorbent dose
It is essential to examine the eﬀect of changing the solute initial
concentration in an adsorption process to ﬁnd out the optimum con-
ditions for substance uptake. Up to a certain limit, the removal per-
centage (removal eﬃciency) of ﬂuoride ions on bone char increases
with increasing ﬂuoride initial concentration. Then, no more adsorption
will take place owing to the limited vacant sites available for adsorbate
particles. This may be explained based on the Fickian deﬁnition, which
suggest that the gradient of the concentration is the driving force for
molecular transport in solution (Ruthven, 2008). Smittakorn et al.
(2010) examined the inﬂuence of raising ﬂuoride initial concentration
on the removal eﬃciency a homemade bone char using synthetic water
(1–6mg/L) and ﬁeld water samples (3.5 mg/L). Their ﬁndings revealed
that both samples have almost the same removal capacity (0.130 and
0.157mg/g, respectively) at 3.5 mg/L initial F− concentration regard-
less to the availability of other ions in the ﬁeld ground water, whilst F−
uptake declined after increasing the initial concentration to 6mg/L (for
the synthetic samples). In contrast, (Nasr et al., 2011) reported that
increasing initial concentration from 2.5 to 10mg/L resulted in a slight
decrease in the adsorption capacity of cuttleﬁsh bone char from 80% to
78% using a 15 g/L adsorbent dose and 1 h contact time. Increasing the
bone char dose from 5 to 15 g/L enhanced the char uptake from 40 to
85%, but no more signiﬁcant increases were noticed above 15mg/L.
Nevertheless, determining the removal capacity of the unit weight of
the bone char shows that it removed ﬂuoride of about 0.283mg/g,
which is less than the removal capacity of a thermally regenerated bone
char (Kaseva, 2006). Similarly, Zhu et al. (2007) reported a removal
capacity of 97% of F− on Al doped cattle bone char at 1mg/L F− initial
concentration and 10 g/L adsorbent dosage. The removal eﬃciency in
this case is not representative of the adsorbent intake as it is equivalent
to 0.97mg/g F− uptake, which is again less than the ﬂuoride adsorp-
tion capacity of a commercial bone char (Leyva-Ramos et al., 2010;
Medellin-Castillo et al., 2014; Medellin-Castillo et al., 2007). It is con-
venient to remark that adsorbent ability to uptake contaminants should
be explained in unit weight of the substance adsorbed per unit weight of
the adsorbent. This means, that the eﬀect of initial concentration needs
to be compared based on the adsorbent dose used in the experiments.
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The percentage removal shows misleading results as it does not show
the amount of adsorption sites occupied by the adsorbate. Diﬀerent
experimental conditions represented by the initial concentrations and
bone char dose can signiﬁcantly alter the results of F− removal on bone
char. For instance, Nasr et al. (2011) used 15 g/L bone char for the
removal of 2.5–10mg/L ﬂuoride, which represents a high dose com-
pared to the literature. Thus, the availability of more active sites on the
adsorbent surface in solution eliminate the eﬀect of the driving force
due to the concentration gradient.
The eﬀect of adsorbent dose was examined by Larsen et al. (1993) to
remove 9.88mg/L F− from water using Ox bone char pyrolyzed at
580 °C. Increasing the bone char dose from 2.5 to 7.5 g/L resulted in
decreasing ﬂuoride concentrations in solution from 8.55 to about
5.5 mg/L. Sani et al. (2016) reported that ﬂuoride removal eﬃciency
increased signiﬁcantly from 63.2 to 86.7% after increasing bone char
dose from 4 to 10 g/L in batch experiments, but a contrary result where
reported after calculating the uptake of ﬂuoride per unit weight bone
char 1.58 and 0.87mg/g. This outcome is an indication for the reduc-
tion in the active sites available for occupying more F− at higher so-
lution concentrations.
3.3. Eﬀect of pH value
Although most studies have examined ﬂuoride removal from aqu-
eous solution on bone char in neutral pH ranges (Leyva-Ramos et al.,
2010; Nigri et al., 2017b; Zhu et al., 2007), the adsorption capacity of
ﬂuoride can be greatly inﬂuenced by change of pH range in the solu-
tion. The point of zero charge (pHPZC), which represent the pH value at
which the surface charge is zero, for bone char samples from diﬀerent
origins is reported to range between 7.4 and 10 (Ip et al., 2010;
Medellin-Castillo et al., 2007; Nigri et al., 2017b). Medellin-Castillo
et al. (2014) examined the eﬀect of ionic strength on pHPZC of a com-
mercial bone char using 0.01 and 0.1M NaCl. The results showed that
increasing the ionic strength resulted in the raising the surface charge of
the BC, but that the isoelectric point was not aﬀected (pHPZC= 8.4). In
contrast, Dimović et al. (2009) reported that raising charring tem-
perature will result in the raising of the surface charge and thus, the
pHPZC value from 7.37 to 10. Fluoride removal capacity will increase
due to the interaction between the positively charged bone char surface
(below pHPZC) and negative ﬂuoride ions. However, at very low pH
values (< 3), bone char dissolution will occur and P will be released
into the solution (Larsen et al., 1993) according to eq. (3) (Warren
et al., 2009):
+ → + ++ + −Ca (PO ) OH 7H 5Ca 3H PO H O5 4 3 2 2 4 2 (3)
Bone char surface washing with acid solutions can enhance the re-
moval capacity due to the protonation of the functional groups of the
HAP at pH values lower than pHPZC (as they mainly are> 7).
Accordingly, protonation reactions will provide a positive charge to the
surface and increase the aﬃnity of F− to the surface. Nigri et al.
(2017b) reported that a maximum removal of 6.2 mg/g of F− was
achieved after washing a commercial bone char with 0.1M HCl owing
to the increase in the positive surface charge. Surface protonation fol-
lowed the equations below (Medellin-Castillo et al., 2014):
≡ − + → ≡+ +P OH H POH2 (4)
≡ − + → ≡ −+ +Ca OH H Ca OH2 (5)
Medellin-Castillo et al. (2007) investigated the impact of diﬀerent
pH values (3, 5, 7, 10, 11 and 12) on F− removal from water using
commercially produced granular cattle bone char (Fija Fluor) with a
speciﬁc surface area of 104m2/g. The pHPZC was reported to be about
8.4. Therefore, the maximum removal capacity (2.71mg/g) at an initial
F− concentration of 1mg/L was achieved at a low pH value (3.0). In
addition, the authors found that the bone char removal capacity is 1.3
times smaller than a polymeric resin and greater than activated
aluminum and activated carbon by 2.8 and 36 times, respectively. Si-
milarly, Abe et al. (2004) reported that there is a negative relationship
between pH levels in solution and F− removal capacity on bone char. A
maximum F− removal of 82% onto bone char surface was achieved
with pH 4.6 (at 20mg/L initial F− concentration) when examining the
eﬀect of pH onto F− removal capacity in the range between 4.6 and 9.2.
It is noteworthy that, the surface charge of the adsorbent can sig-
niﬁcantly alter the removal capacity of ﬂuoride on bone char. pH
change aﬀects the two adsorption mechanisms, i.e. electrostatic inter-
action and the chemical interaction resulting from the bone dissolution.
Thus, shifting pHPZC to acidic levels by altering the surface properties
will provide a higher removal capacity of ﬂuoride than at neutral pH
levels.
3.4. Solution temperature
Diﬀerent relationships between ﬂuoride uptake on bone char and
solution temperatures were reported in the literature. Abe et al. (2004)
stated that ﬂuoride uptake reaction on bone char is endothermic pro-
cess due to the heat consumption during ion exchange process. Raising
temperature from 9.85 to 39.85 °C had resulted in increasing the re-
moval capacity of ﬂuoride onto bone char from about 2.7 to 3.5mg/g.
Similar trend of reaction were reported by Zúñiga-Muro et al. (2017)
examined the eﬀect of temperature on ﬂuoride uptake by Ce modiﬁed
bone char. Increasing the temperature from 30 to 40 °C raised the re-
moval capacity of the coated bone char by about 33% (13.6mg/g), with
an enthalpy change of 42 kJ/mol. The enthalpy change of ﬂuoride ad-
sorption reported by Rojas-Mayorga et al. (2015b) (26.67 kJ/mol) also
indicated an endothermic reaction of ﬂuoride adsorption onto Al(III)
doped bone char. By contrast, a much lower enthalpy change
(< 8.36 kJ/mol) was reported by Medellin-Castillo et al. (2007), which
indicated that increasing temperature from 15 to 35 °C had no eﬀect on
ﬂuoride uptake using commercial bone char. These diﬀerent results are
due to the diﬀerence in the ion exchange performance of ﬂuoride with
available ions on bone char or coated bone char (coating with metal). It
is also noteworthy to remark that the increase in the solution tem-
perature will increase the solubility of the metal oxides coated on bone
char surface and thus, alter the removal capacity of F− from solution. In
addition, based on the ionic strength of the solution, the changes in the
zeta potential of adsorbent due to changing solution temperature may
aﬀect the performance of the adsorbent to remove contaminants from
solution.
On the other hand, an exothermic behavior of the ﬂuoride adsorp-
tion on aluminum sulfate and calcium oxide treated bone char, with a
negative enthalpy change of−44.8 kJ/mol, was observed by Chatterjee
et al. (2018). Increasing solution temperature from 30 °C to 50 °C re-
sulted in a decrease in ﬂuoride uptake from 25 to 10mg/g, which was
related to the inverse relationship between mass transfer coeﬃcient and
temperature (9× 10−4 and 8.5× 10−4 m/s at 30 and 50 °C, respec-
tively). The eﬀective diﬀusivity of ﬂuoride ions in solution within the
pores was reported to be unaﬀected by the change of the solution
temperature (5.8× 10−12 and 6.2×10−12 m2/s at 30 and 50 °C, re-
spectively). The eﬀect of solution temperature on ﬂuoride adsorption
lies in its eﬀect on the balance of the adsorbent-adsorbate system,
which in turn shifts the position of the equilibrium to counter this
change.
3.5. Adsorbent particle size
Adsorbent particle size is an important factor that aﬀects the ad-
sorption capacity and rate of ﬂuoride adsorption from aqueous solution.
Particle size also plays an important role in altering the rate and ca-
pacity of ﬂuoride adsorption. Chatterjee et al. (2018) demonstrated that
when the size of carbonized bone meal particles decreased from 0.5mm
to 0.15mm, the ﬂuoride adsorption capacity showed an increase from
12 to 14mg/g. Similarly, Kaseva (2006) also reported that a decrease of
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bone char particle size produced from cattle bones resulted in an in-
crease in ﬂuoride adsorption from water. The examinations were made
using diﬀerent ranges of particle sizes. The residual ﬂuoride decreased
from 15.2 mg/L to 11.26mg/L after a contact time of 120min using
2.5–3 and 0.5–1.0 mm particle size, respectively. Similar results have
also been reported by Zhu et al. (2011) who observed that the smaller
the grain particle, the higher the removal eﬃciency of the bone char
ﬁlter, and recorded a maximum of 70.64% F− removal from drinking
water. Thus, reducing the bone char particle size increases the eﬀective
surface area, provides more active sites for ﬂuoride removal and eases
the diﬀusivity of the adsorbate to penetrate the pores of the adsorbent
(Gupta et al., 2011). However, for water treatment applications (ﬁlters)
it is quite important to have a suitable particle size distribution in order
to avoid clogging issues. On the other hand, large particles may provide
a suitable environment for bacterial growth on carbon particles due to
the availability of high surface area, pores and functional groups (Lin
et al., 2010). The study reported an increase in the particle size in the
eﬄuent from 5 to 25 μm after ﬁltration. The accumulation of organics
and bacteria on the porous surface of activated carbon provided a good
environment for microorganism growth. Consequently, biodegradation
of the organics attached to the surface and of the functional groups of
the carbon surface occurred and the newly attached particles to the
carbon surface were separated from the carbon surface to form larger
particles in the eﬄuent. The latter desired more strength against
chlorine disinfection due to the presence of extensive bacterial coloni-
zation in the large porous particles. Furthermore, there was an increase
in anion concentrations (due to bacterial eﬀect) and metallic substance
in the eﬄuent. Thus, optimizing the size range of particles is a necessity
for ﬂuoride removal via ﬁltration, as it could act as a suitable en-
vironment for microorganism growth.
4. Adsorption isotherms
Aquatic system equilibrium is based on the law of thermodynamics,
which provides an estimation of particles transport and reactivity in the
system. Estimations of the ﬁnal composition of a system after all reac-
tions have occurred is based on thermodynamic approaches (Mason,
2013). Thus, the ability of diﬀerent adsorbents to uptake contaminants
varies based upon adsorption isotherm models (Smittakorn et al.,
2010). The latter are usually determined by equilibrating the solution
with varying concentrations of solid particles (contaminants). Ac-
cording to Barakat (2011), the sorption process follows three stages;
mainly (i) the transport of contaminants from the liquid to solid surface,
(ii) adsorption on the sorbent media particles, and (iii) ﬁnally the
substance transport within the sorbent particles. Howe et al. (2012)
described adsorption as an equilibrium reaction in which the adsorbate
distributes between the adsorbent and the solution according to an
adsorption isotherm. An adsorption isotherm is a curve constructed
from measurements of progressive adsorption at reaction equilibrium at
constant pH and temperature. As illustrated in Table 4, diﬀerent iso-
therm models were used to predict the adsorption of contaminants from
water/wastewater onto sorbents.
Langmuir and Freundlich isotherm models have commonly been
applied to describe the equilibrium adsorption of ﬂuoride by bone char.
The Langmuir model assumes that all adsorption sites are identical and
therefore, there is an equivalent aﬃnity between each adsorbate and
adsorbent molecules. Accordingly, the reaction enthalpy and sorption
activation energy are constant. This model can be applied to monolayer
adsorption with even distribution of heat and aﬃnities when adsorption
occurs over the homogeneous surface (Langmuir, 1918). On the other
hand, the Freundlich isotherm model assumes a non-ideal, reversible
multilayer adsorption process on a heterogeneous adsorbent surface
(Foo and Hameed, 2010). Generally, the simulation of the isotherm
model of ﬂuoride on bone char in recent studies was based on Langmuir
and Freundlich models. However, in rare cases, some other models
were examined such as Sips, Dubinin-Radushkevich and Radke-
Prausnitz isotherms. Sani et al. (2016) reported that adsorption of F−
onto bone char followed the Langmuir model, which indicated that the
adsorption mechanism followed monolayer adsorption. Medellin-
Castillo et al. (2007) applied the Langmuir and Freundlich isotherms to
describe the adsorption equilibrium data of F− on bone char. The re-
sults showed that the adsorption behavior of F− removal on a com-
mercial bone char was well presented by both models. However, the
results of Freundlich model were more representative at high F− con-
centrations. Similarly, Abe et al. (2004) found that the experimental
data of F− was ﬁtted well to use of the Freundlich isotherm.
The Sips model is a combination of the Langmuir and Freundlich
isotherm models and can better describe the adsorption process on
heterogeneous surfaces (Günay et al., 2007). Fluoride removal on Ce4+
modiﬁed bone char was best ﬁtted to the Sips model indicating the
availability of more than one binding sites (Ca2+ and Ce4+) on the
surface (Zúñiga-Muro et al., 2017). For a commercial bone char, Tovar-
Gómez et al. (2013) reported that both the Langmuir and Sips isotherms
were best determined the isotherm of F− removal compared to the
Freundlich model.
Based on the adsorbate concentration, Radke-Prausnitz isotherm
model can be reduced to linear model change to the Freundlich or
Langmuir model (Ayawei et al., 2017). It best ﬁts the data at low ad-
sorbate concentration. With regards to F− removal on commercial bone
char, Radke-Prausnitz best ﬁtted the data since it is a three parameters
model compared to the Langmuir and Freundlich isotherm models
(Leyva-Ramos et al., 2010). Medellin-Castillo et al. (2014) used Lang-
muir, Freundlich and Radke-Praustniz models to investigate the ad-
sorption equilibrium of F onto commercial bone chat. The results im-
plied that the Radke-Praustniz model well ﬁtted the adsorption data
based on the lower average absolute percentage deviation obtained
values from the Radke-Praustniz compared to those obtained by the
other two models.
Chatterjee et al. (2018) applied three isotherms (including Lang-
muir, Freundlich and Dubinin–Radoshkevitch models) to describe the
adsorption equilibrium data of F− on chemically treated carbonized
bone meal followed the Langmuir model, and found that the experi-
mental data was ﬁtted better at diﬀerent temperatures by the Langmuir
model than by other models.
Nigri et al. (2017a) found that the adsorption of F− with thermally
regenerated bovine bone char followed the Freundlich and Redlich-
Peterson isothermal plots well when compared to the results achieved
by applying Langmuir, Temkin and Sips isotherms. The higher R2 of
0.9964 of the Freundlich isotherm suggested that the adsorption took
place on the heterogeneous surface of the adsorbent.
The mechanism for F− ion removal onto HAP, which is the eﬀective
component of the bone char, was attributed to either surface sorption,
substitution or precipitation depending on the reaction conditions
(Sternitzke et al., 2012). However, the mechanism is dependent on the
F− initial concentration in solution (Sani et al., 2016). The general
consensus suggests that ﬂuoride removal on bone char mostly followed
an ion exchange process between F− and hydroxyl ions to compose
ﬂuorapatite (Abe et al., 2004; Kawasaki et al., 2009; Medellin-Castillo
et al., 2014). Hence the isotherm that best correlates with these reac-
tions would be the best ﬁt for describing ﬂuoride removal using bone
char. The suitability of a model to represent the isotherm of F− removal
from water may also be related to the availability of the active sites on
the surface of the adsorbent particles, in which the diﬀusion of the F−
will occur after the surface sites become less available (which is again
related to the adsorbent-adsorbate ratio of the system).
5. Eﬀect of oxyanions on ﬂuoride removal
Medellin-Castillo et al. (2007) examined the impeding eﬀect of
chloride, nitrate, nitrite, sulfate and phosphate in natural water on
ﬂuoride removal. Examining the concentration of the anions in solution
after the adsorption process showed that there was no decrease in the
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concentration, indicating that the presence of these anions had no eﬀect
on F− uptake on bone char. On the other hand, adsorption experiments
showed a reduction in the carbonate concentration indicating a com-
petition with F− ions on the bone char surface. However, the higher
amount of F− adsorbed compared to the carbonate, conﬁrmed that the
bone char surface would selectively remove F− rather than carbonate.
The same results were conﬁrmed by Medellin-Castillo et al. (2014)
while investigating the inﬂuence of these anions. The decrease of anion
aﬃnities toward bone char (at concentration<0.3meq/L) was in the
following order F− > Cl− > −CO32 > NO2−≈ −NO3 ≈ −HCO3 ≈ −SO42 .
Smittakorn et al. (2010) also reported that the presence of anions had
no eﬀect on F− removal on Thai bone char, but the presence of cations
such as aluminum and magnesium will contribute by enhancing the
deﬂuoridation process from water due to the formation of complexes
that easily precipitate on the char surface. Similarly, Abe et al. (2004)
reported that the presence of NaCl salts in water improved the uptake of
F− from water due to the hydration of dissolute NaCl salts, providing a
lower potential of F− dissolution in water. Increasing the ionic strength
from 0.01 to 1M resulted in increasing the removal capacity of F− on
bone char from about 2.75 to 3.86mg/g. The increase in the adsorption
of F− with increasing ionic strength could be attributed to the eﬀect of
the latter on reducing the electric double layer leading to better elec-
trostatic interaction (Al-Juboori et al., 2016a). Larsen et al. (1993)
compared the eﬀectiveness of ox bone char to remove F− from water
with and without the presence of brushite (BSH) and calcium hydro-
xide, reporting that the removal capacity of the bone char increased
from 0.64 to 3.88mg/g after adding 0.05 g BSH and 0.015 g Ca(OH)2 to
the solution.
The simultaneous removal of As and F− using bone char was also
investigated in a recent research, reporting the suitability of ﬁsh bone
charred at 500 °C for the simultaneous removal of As(V) and F− from
water. However, a higher removal capacity of ﬂuoride was achieved
due to exchanging ions between hydroxyapatite composition of the
bone char and ﬂuoride ions in solution.
6. Regeneration
Regeneration capacity is of utmost importance to evaluate the
reusability of bone char eﬃciency in the removal of contaminants from
water. Regeneration of bone char could provide recovery of pollutants,
reusability of adsorbents, reducing the process cost and reducing wastes
to be processed. Kaseva (2006) examined the eﬀect of thermal re-
generation in the temperature range of 100–800 °C, with regeneration
time of (30–240min) on the bone char eﬃciency for ﬂuoride removal
from water. Kaseva (2006) proposed the release of hydrogen ﬂuoride
(HF) gas from saturated bone char upon exposure to thermal treatment
as a regeneration mechanism. Technically, this can probably happen
when there is a source of hydrogen to react with ﬂuoride.
The result showed that the F− adsorption capacity of the re-
generated bone char increased from 0.2 to 0.75mg/g after raising the
regeneration temperature from 100 to 500 °C for 120min residence
time. However, further increases in the regeneration temperature re-
sulted in decreasing the uptake capacity of F− on bone char. Nigri et al.
(2017a) examined the eﬀect of thermal regeneration on bovine com-
mercial bone char at diﬀerent temperatures. The results of X-ray dif-
fraction (XRD) showed the presence of F− ions in the structure of the
bone char after regeneration, but the composition of the bone char was
not altered by applying thermal treatment. This contradicts with the
proposed regeneration mechanism of Kaseva (2006) where ﬂuoride is
suggested to be released in a form of HF gas. Fluoride diﬀusion seems to
be more acceptable in explaining the thermal regeneration of bone char
as opposed to HF formation especially if there is no source of hydrogen
whether directly applied or released due to chemical reactions. The
optimum conditions for the regeneration in the study by Nigri et al.
Table 4
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(2017a) were diﬀerent from the results reported by Kaseva (2006) as
the experimental conditions were diﬀerent. The optimum temperature
for the regeneration process of the bone char was 400 °C resulting in
2.25mg/g F− uptake capacity.
Chatterjee et al. (2018) reported that F− uptake on chemically
treated carbonized bone meal was decreased by 18% and 31% in the
second and third cycle respectively, after regenerating the adsorbent
with 0.1M NaOH. Medellin-Castillo et al. (2007) examined the deso-
rption of ﬂuoride from commercial bone char by placing the adsorbent
in water at pH values of 7 and 12. Fluoride desorption at pH 12 per-
formed better than neutral pH due to the abundant availability of ex-
changeable hydroxyl groups, indicating a reversible F− adsorption
process. On a large scale, the most eﬃcient regeneration process for
bone char was reported by the use of 1–2M NaOH solution for the
regeneration of 2500 L of saturated bone char (Catholic Diocese of
Nakuru, Water Quality, and Muller, 2007). The intermittent ﬂushing of
the bone char with NaOH is followed by washing with water to reduce
the pH of the outﬂow and then suppling CO2 enriched water to lower
the pH below 8. The waste water generated from the regeneration
process were precipitated with CaOH or CaCl2 to form CaF2, which have
low solubility and can retain ﬂuoride. The cost of the process was re-
ported to be around $ 280 USD (339.27 USD in 2019 after adding the
inﬂation rate)
The disposal of the concentrated ﬂuoride solution resulting from the
bone char regeneration can be a challenge. Such a problem can be
overcome by recycling the concentrated ﬂuoride into green industries.
Zhu et al. (2013) used calcium ﬂuoride sludge for producing strong
corrosion resistant ceramic that locks ﬂuoride well and prevents it from
leaching out of the structure. In another study, ﬂuorapatite was applied
as a reusable catalyst in solvent-free epoxidation (Ichihara et al., 2003).
7. Bone char deﬂuoridation units -existing and conceptual designs
After discussing the factors aﬀecting bone char deﬂuoridation eﬃ-
ciency, it is important to look into the designs of units used in such
applications. Most of the designs available were developed to be af-
fordable and practical for low economic and remote communities.
Examples of the most common designs used for deﬂuoridation are
illustrated in Fig. 5. Fawell et al. (2006) compared the advantages and
disadvantages of these designs and the column was found to be the best
one. Some more sophisticated designs were also implemented in Africa
and India where bone char was used in a bed conﬁguration for the
precipitation of ﬂuoride with calcium (Nalgonda technique), this
technique is termed as contact precipitation (Ayoob et al., 2008).
Theses designs were commercialized and are readily available for
communities at aﬀordable prices (Kinyua, 2016). An example for the
commercial supplier for these designs is the Nakuru Deﬂouridation
Company in Kenya using bone from many diﬀerent sources such as
goat, camel, cattle and sheep bones (Nakuru Deﬂuoridation Company
Ltd). The challenge with these simple designs is monitoring ﬂuoride
removal levels and the adsorption capacity of the char throughout the
operation period. In 2005, the Catholic Diocese of Nakuru, Water
Quality (CDN WQ) (Catholic Diocese of Nakuru, Water Quality, and
Muller, 2007) adopted a new design of a kiln to produce about 10 tons
bone char per batch using animal bones from diﬀerent sources. The best
deﬂuoridation process was reported to be with bone char produced at
400 °C for 1–5 days. To improve the quality of the produced bone char,
the outlet of the air and the amount of the oxygen entering the kiln was
controlled by adjusting the size of the chimney and reusing the air of
the outlet by mixing it with a limited amount of oxygen. The re-
generation processes of bone char used in these designs has to be done
with relatively strong alkaline solution which would be problematic to
handle and store especially when the setups used in village commu-
nities. This means that researching more advanced designs is inevitable.
In this study, we propose some conceptual designs that have the
capacity to prolong bone char adsorption capacity and are self-cleaning
as shown in Fig. 6. As it can be seen from this ﬁgure, column conﬁg-
uration is used in both designs. The designs apply electrical and ultra-
sonic enhancing adsorption mechanisms. The electric-enhancing
column should be made of non-conductive material (e.g. plastic), while
the ultrasonic-enhancing column should be made of magnetostrictive
materials (e.g. nickel) due to its eﬃciency in generating ultrasonic vi-
bration (Al-Juboori et al., 2016b). It is noteworthy that the two designs
require only low level of electrical power which can be sourced from
solar energy. For example, applying electrolysis should not exceed the
low voltage of 1.23 V as water electrolysis occurs beyond this level (Qi,
Fig. 5. Most common domestic units designs for deﬂuoridation in developing countries (Fawell et al., 2006).
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2013). Similarly, only low level of energy is required for vibrating
magnetostrictive materials with ultrasound. For instance, the domain
wall energy for iron is 1.1× 10−3 J/m2 (Thoelke, 1993). It is hard to
indicate energy demands for the proposed designs as these ﬁgures de-
pend on several factors such as size of the column, quality of the char,
ﬂowrate, thickness of the column, number of the coil turns, etc. The
electrically enhanced adsorption design promotes the electrostatic
mechanisms of ﬂuoride adsorption onto the char by the small voltage
applied through the electrodes. To make the design more en-
vironmentally friendly, these electrodes can be used from recycled
batteries and this in turn would reduce batteries disposal problem. The
electrically enhanced adsorption design can be regenerated by charge
reversal. The ultrasonically enhanced adsorption design relies on re-
ducing the dead area of the char particles resulting from packing and
prevents the formation of channels in column bed due to the continuous
vibration. This design can be regenerated by back ﬂush with treated
Coil for providing
electrical current
Bone char
Vibrating
mangnetostrictive
material
Inlet
OutletB
ac
k
fl
u
sh
Power
supply
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Fig. 6. Conceptual designs for bone char columns: a) ultrasonically enhanced adsorption and b) electrically enhanced adsorption.
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water applying the same or slightly higher vibration level as that used
with adsorption.
8. Conclusion and future directions
The health concerns associated with the high ﬂuoride concentration
in drinking water sources were highlighted in this study. Due to the
feasibility of bone char as a green adsorbent for ﬂuoride removal, a
comprehensive review addressing all the important aspects of this
technology was provided. The optimum temperature range and pro-
duction conditions for bone char were evaluated. Bone char samples
produced at 500–700 °C seem to have the best deﬂuoridation capacity.
In addition, the eﬀectiveness of coating with multivalent ions and the
experimental conditions for batch and column ﬁltrations were dis-
cussed. Among all coating cations, aluminum appears to be promising
for increasing the removal capacity of F− removal from water. Despite
these ﬁndings, further studies are required to optimize the rate of
ﬂuoride removal on bone char as most of the studies showed that
equilibrium was achieved after 24 h. The possibility of regenerating
bone char and the reduction of solid waste justify the energy require-
ments for bone char production processes. In the case of gasiﬁcation,
energy for bone char production can be compensated by syngas gen-
eration. The recent low commercial price of bulk bone char indicates
the drop in the cost production of the char. Possible utilization of
concentrated ﬂuoride generated from bone char regeneration for green
industry application was also suggested. Challenges with existing do-
mestic deﬂuoridation designs were pinpointed and new conceptual
designs were discussed.
More extensive works are required to examine the eﬀective particle
size for ﬂuoride removal using column ﬁlters to avoid issues related to
bacterial growth through ﬁlter layers. Further investigations are also
required to examine the removal of ﬂuoride from industrial wastewater
as it can form more complex compounds due to the presence of high
ﬂuoride concentrations of various contaminants in the wastewater
system. Research into the proposed deﬂuoridation designs would be
beneﬁcial for the advancement of removal technologies.
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